Introduction
Whiplash trauma has been linked to chronic neck pain, though the pathophysiology underlying Whiplash-Associated Disorders remains unknown [37, 40, 42] . Approximately 50% of whiplash patients have reported chronic neck pain 15 years after the trauma [3, 41] . Various anatomical structures have been identified as potential injury sites, with many recent investigations focusing on the facet joint [1, 7, 19, 21] . In vivo and in vitro studies have shown that the lower cervical spine hyperextends during the initial phase of whiplash [12, 18] . While hyperextension may cause facet joint compression injuries, it may also result in excessive strains in the anterior soft tissues [32] .
There is significant clinical and biomechanical evidence demonstrating that anterior longitudinal ligament (ALL) and anterior annulus injuries often occur simultaneously during whiplash. A magnetic resonance imaging study demonstrated injuries to both components in whiplash patients, and similar injuries have also been discovered at surgery and autopsy [4, 8, 16] . Whiplash simulations using cadavers and monkeys have also produced ALL tears and anterior disc detachments [22, 46] . Similar injuries commonly occurred in the lower cervical spine due to hyperextension loading of a whole cervical spine (WCS) model [39] .
Clinical and biomechanical studies have also demonstrated that soft tissue injuries of the cervical spine can lead to instability. Subacute instability of the cervical spine has been reported in patients presenting with neck pain and normal radiographs, who subsequently developed clinical instability, most likely due to ligamentous injury [14] . In vitro investigations have demonstrated that transection or Abstract Anterior longitudinal ligament (ALL) injuries following whiplash have been documented both in vivo and in vitro; however, ALL strains during the whiplash trauma remain unknown. A new in vitro whiplash model and a bench-top trauma sled were used in an incremental trauma protocol to simulate whiplash at 3.5, 5, 6.5 and 8 g accelerations, and peak ALL strains were determined for each trauma. Following the final trauma, the ALLs were inspected and classified as uninjured, partially injured or completely injured. Peak strain, peak intervertebral extension and increases in flexibility parameters were compared among the three injury classification groups. Peak ALL strains were largest in the lower cervical spine, and increased with impact acceleration, reaching a maximum of 29.3% at C6-C7 at 8 g. Significant increases (P<0.05) over the physiological strain limits first occurred at C4-C5 during the 3.5 g trauma and spread to lower intervertebral levels as impact severity increased. The complete ligament injuries were associated with greater increases in ALL strain, intervertebral extension, and flexibility parameters than were observed at uninjured intervertebral levels (P<0.05).
injury of the ALL and anterior annulus resulted in increased flexibility under extension loading, implying that injury to these components could lead to instability [25, 27, 38] . This composite evidence suggests that ALL and anterior annulus injury may lead to clinical instability and pain [26] .
Strains and injury patterns of the anterior soft tissues of the cervical spine during whiplash are unknown. Simulation of whiplash trauma using a WCS model is effective in quantifying soft tissue injury [31, 33] . The goals of this investigation were:
1. To quantify ALL strains during simulated whiplash at various trauma energies using a whole cervical spine model with muscle force replication 2. To document partial and complete ALL injuries macroscopically 3. To determine whether ALL strain increases were associated with injuries, and 4. To evaluate the relationship between the ALL injuries and spinal instability
Materials and methods

Specimen preparation
Six fresh-frozen human osteoligamentous WCS specimens (four male, two female, average age 70.8 years, range 52-84 years) were mounted in resin (Fiberglass Evercoat, Cincinatti, OH) at the occiput and T1 according to a pre-defined neutral posture, such that a line from the top of the dens to the lowest point on the posterior occiput was parallel to the occipital mount, and the T1 vertebra was tilted anteriorly by 24° [2] . To attach the lightweight motiontracking flags, a headless wood screw was drilled into the anterior aspect of each vertebra (C1-C7). The flags consisted of 3-mm-diameter hollow brass tubes with two white, spherical, radio-opaque markers (Fig. 1) . A flag was fitted rigidly onto each wood screw, and additional flags were attached to the occipital and T1 mounts. This constituted the WCS model. To prepare a specimen for whiplash trauma, a surrogate head (mass 3.3 kg and sagittal plane moment of inertia 0.016 kg.m 2 ) was attached to the occipital mount of the WCS model, and its center of gravity was located in anatomic position with respect to the spine specimen. The surrogate head and spine were stabilized using the compressive muscle force replication (MFR) system (Fig. 2) [15] . The MFR system consisted of four anterior, two posterior and eight lateral cables attached to preloaded springs anchored to the base. The stiffness coefficient of each spring was 4.0 N/mm. The anterior cables ran through guideposts at C4 (two cables per post), through pulleys within the T1 mount, and finally were connected to two springs (two cables per spring). The preload in each anterior spring was 15 N. Two posterior MFR cables were connected to the occipital mount and ran through wire loops attached to the spinous processes of each vertebra (C2-C7), through a pulley within the T1 mount and to a spring preloaded at 30 N. Bilateral MFR cables originated from C0, C2, C4 and C6, passed alternately along lateral guide rods, ran through pulleys at the T1 mount and were attached to the springs preloaded at 30 N. With this MFR arrangement the compressive preloads at each intervertebral level were: 120 N (C0-C1, C1-C2); 180 N (C2-C3, C3-C4); 240 N (C4-C5, C5-C6); and 300 N (C6-C7, C7-T1). The MFR system fully supported the head such that no counterweight was needed to suspend the head in the neutral posture. A C0-C2 flexion limiter was used to simulate the effect of contact between the chin and the anterior . ALL Origin represents the inferior end of the ALL located at 30% of the lower VB height inferior to the anterosuperior corner of the lower VB along its anterior edge [28, 29] and ALL Insertion represents the superior end of the ALL located at 30% of the upper VB height superior to the anteroinferior corner of the upper VB along its anterior edge [28, 29] . The ground coordinate system (h-v) was fixed to the ground throughout the trauma. Rotation (R) was defined with flexion positive and extension negative Fig. 2 The biofidelic whole cervical spine model with muscle force replication (WCS+MFR). Anterior, posterior and bilateral MFR cables stabilized the head during simulated whiplash. The C0-C2 flexion limiter restricted upper cervical spine flexion to within physiological limits. For additional details, please see the text cervical structures (i.e., skin, subcutaneous fat, strap muscles, sternum) on flexion of C0-C1 and C1-C2 [34] . It consisted of a nyloncoated steel cable (180 N load capacity, 0.6 mm diameter, part no. Y-MCX-24, Small Parts, Inc., Miami Lakes, FL) secured to the occipital mount and to the C2 spinous process, and allowed approximately 30°of sagittal rotation, consistent with the in vivo data of the normal cervical spine [10, 20, 24] . This constituted the WCS+MFR model.
Flexibility testing
Sagittal flexibility testing was performed on the WCS model when intact and following the 8 g trauma to determine the neutral zone (NZ) and range of motion (ROM) at each intervertebral level [30] . Pure flexion and extension moments up to a maximum of 1.5 Nm were applied to the occipital mount in four equal steps. To minimize viscoelastic effects, 30-s wait periods were given following each load application. Data were collected on the third loading cycle, following two pre-conditioning cycles.
Trauma production and monitoring
Rear-impact whiplash simulation was performed using a previously developed bench-top sled apparatus [15, 31] . An incremental trauma protocol was used to rear-impact the WCS+MFR model at 3.5, 5, 6.5 and 8 g, following the initial 2 g dynamic pre-conditioning that was necessary due to the viscoelastic behavior of the soft tissues [26] . High-speed digital cameras (Fastcam, Super 10 K, model PS-110, Eastman Kodak Co, Rochester, NY) recorded the spinal motions at 500 f/s.
Anterior longitudinal ligament construction and tracking during trauma
A lateral radiograph of the WCS model in the neutral posture was taken and digitally scanned (Adobe Photoshop version 6.01, San Jose, CA). The heights of the vertebral bodies (VBs) were determined, and the ALL origins and insertions were selected based on the quantitative anatomy of the cervical vertebrae and ligaments ( Fig. 1) [28, 29] . To define geometrical rigid body relationships between the centers of the flag markers and the ALL insertion and origin for each vertebra, these points were digitized in the ground coordinate system h-v. The geometrical rigid body relationships established on the radiograph were used to superimpose the ALL origins and insertions onto the first frame of the high-speed movie. Custom motion-tracking software written in Matlab (The Mathworks Inc., Natick, MA) automatically calculated the intervertebral rotations and the flag marker translations at each subsequent frame. These data, together with the geometrical rigid body relationships, were used to calculate the translation of each ALL origin and insertion in the ground coordinate system during trauma. The strain within each mathematically reconstructed ALL was calculated by dividing the increase in ALL length by the original ALL length (expressed in percent). The average error in the computation of ALL elongation was 0.3 mm (SD 0.2 mm), which corresponded to an average strain error of 2.3% (SD 1.5%) [35] .
Injury documentation
Following the 8 g trauma, each ALL was visually inspected and classified as belonging to one of the three injury classes: no macroscopic injury (class 0), partial injury with no visible damage to the underlying annulus (class I), or complete injury with anterior annulus involvement (class II) [25] . While the ALL can blend laterally with connective tissue and posteriorly with the anterior annu- lus, two independent investigators had perfect interobserver agreement in the evaluation of the injuries.
Data analysis
The ALL strain data were low-pass digitally filtered at a cut-off frequency of 30 Hz, and the peak strains during each trauma were identified. Residual and Fourier analysis demonstrated that most of the signal power was contained under 20 Hz. Physiological ALL strains were measured during flexibility testing of the intact WCS models subjected to a 1.5-Nm extension moment using the ALL tracking method described above. The application of a 1.5-Nm pure extension moment resulted in intervertebral rotations that were within the physiological range [24, 36, 43] , and thus provided physiological ALL strains. Statistical differences between peak trauma and corresponding physiological ALL strains were determined using single-factor, repeated measures ANOVA and Bonferroni posthoc tests (Minitab Rel. 13, State College, PA). Comparisons among the three ALL injury classes were performed to determine increases in the trauma parameters (ALL strain and intervertebral extension) and the flexibility parameters [neutral zone (NZ) and range of motion (ROM)]. The ALL strain and intervertebral extension increases were defined as the peak trauma value minus the physiological value (determined during intact flexibility testing). The NZ and ROM increases were defined as the post-8 g value minus the intact value. Comparisons were made using ANOVA and Bonferroni pairwise post-hoc tests. Significance was set at P<0.05, with a trend towards significance defined at P<0.1.
Results
The average overall ALL length was 13.3 mm and ranged from 11.6 mm at C5-C6 to 14.5 mm at C3-C4 (Table 1) . These lengths compared favorably with the average overall ALL length of 13.1 mm measured in a previous in vitro study [29] . The ALL kinematics varied among specimens and intervertebral levels, though a typical pattern was observed ( Fig. 3: specimen 3, 8 g trauma) . The ALL tended to elongate as the head extended and then returned towards its original length as the head returned to the neutral position. Significant increases (P<0.05) in the ALL strains in excess of the corresponding physiological strains were first observed at C4-C5 during the 3.5 g trauma and then spread to C5-C6 at 5 g and C6-C7 at 6.5 g (Fig. 4) . A trend towards an increase in ALL strain over the corresponding physiological value was detected at C3-C4 at 8 g (P=0.078).
The peak ALL strains were largest in the lower cervical spine and increased with impact acceleration, with an average peak strain of 29.3% (corresponding to an average elongation of 4.0 mm) observed at C6-C7 during the 8 g trauma (Table 1) . Following the final trauma, macroscopic ALL injuries were observed in the middle and lower cervical spine (C3-C7) (Fig. 5) . Of the 30 ALLs evaluated, 4 sustained class I injuries (1 at C3-C4, 2 at C4-C5 and 1 at C6-C7), 6 sustained class II injuries (3 at C3-C4, 2 at C5-C6, and 1 at C6-C7), and 20 were uninjured (class 0). Note that the specimens in class 0 could have sustained injuries that were not visible grossly. Comparison of the class II and class 0 trauma parameters increases (ALL strain and intervertebral extension) showed that both were significantly greater (P<0.05) in class II ( Table 2 ). The average class II ALL strain increase (39.2%) was more than double the average class 0 increase (17.5%). Comparing class I and class II, there were no significant differences, though there was a trend towards a greater increase in ALL strain in class II (P=0.054).
The increases in NZ and ROM were greater in class II than class 0 ( Table 2 ). The class II NZ increase (8.7°) was more than 250% of the Class 0 NZ increase, and the class II 64 Fig. 3 Anterior longitudinal ligament (ALL) strains at various spinal levels (C2-C3 to C6-C7) during simulated whiplash (specimen 3, 8 g trauma). Sled (T1) acceleration and head rotation are also shown ROM increase (8.5°) was more than 350% of the class 0 ROM increase. Comparing class I and class II, there were no significant differences, though there was a trend towards a greater increase in ROM in class II (P=0.06). While mean values for trauma and flexibility parameters were greater for class I than class 0, these differences failed to reach significance.
Discussion
Anterior longitudinal ligament (ALL) and anterior annulus injuries have been documented following whiplash trauma [4, 8] ; however, no studies have evaluated the ALL injury mechanism during simulated whiplash. The results of the current study demonstrated that the greatest ALL strains occurred in the lower cervical spine and that ALL strains increased with impact severity. Increases over the physiological strains were observed in the middle and lower cervical spine (C3-C7) at trauma energies of 3.5 g and above, suggesting that the ALLs spanning these levels were at the greatest risk for injury.
Analysis of the class 0 (no macroscopic ALL injury), class I (partial ALL injury), and class II (complete ALL injury with underlying anterior annulus damage) injury categories demonstrated greater increases in ALL strain and intervertebral extension in class II than in class 0. This suggests that greater intervertebral extension is associated with greater ALL strain and higher injury potential. Class II injuries also resulted in greater increases in the neutral zone (NZ) and range of motion (ROM) as compared to class 0, demonstrating that severe injuries led to measurable instability. While mean class I trauma and flexibility parameter increases were greater than class 0, significance was not obtained (P>0.05), possibly due to the small class I sample size (n=4). The results suggest, however, that increased intervertebral extension resulted in higher ALL strains and that such increases were associated with the progression of injury and development of instability.
The limitations of the current whole cervical spine model with muscle force replication (WCS+MFR) must be considered when formulating conclusions regarding clinically relevant injury mechanisms. These limitations, including the fixation of T1 to the trauma sled and lack of active muscle force simulation, have been addressed previously [6, 31, 32, 33] . The calculation of ALL strains was based on the assumption that the vertebra and its motion-tracking flag constituted a rigid body. During whiplash trauma, it is unlikely that vertebral deformation was of a sufficient magnitude to significantly alter the results. In addition, the ALLs analyzed in this study were mathematically reconstructed based on in vitro measurements of the quantitative anatomy of the cervical spine [29] . As such, the ALL strains reported in this study represent approximations of the actual strains based on the mathematical representations of the ligaments. Despite these limitations, we believe our results are biomechanically and clinically relevant.
The injuries documented in the current study compare favorably to those observed clinically and those found in other whiplash simulations. Davis et al. reported ALL tears with underlying anterior annulus damage at C5-C6 and C6-C7 in two of nine whiplash patients imaged with MRI [8] . In a series of ten patients who underwent cervical intervertebral fusion for instability following whiplash, five were reported to have ALL and anterior disc injuries [4] . A previous whiplash simulation using whole cadavers at impact accelerations up to 4.5 g documented ALL injuries in the lower cervical spine in three of four cadavers [46] . The current study has demonstrated similar injuries, with complete and partial ALL tears observed in the mid and lower cervical spine (C3-C7). While the injuries observed in the earlier whiplash simulation [46] were limited to the lower cervical spine, the higher final impact acceleration of 8 g in the current study likely resulted in the spread of injuries to the mid cervical spine as well.
No data exist for direct comparison of the ALL strains observed during the current whiplash simulation; however, failure strains for cervical ALLs are available [45] . Though these failure thresholds were determined using static loading, it has been shown that ALL deformation at failure did not vary with the loading rate [44] . Recalculating these ALL failure strains using the ALL lengths in the current study yielded an ALL failure threshold range of 42.6-47.6% [45] . The average peak ALL strains in the current study were under 30%, and thus below the failure threshold. Nonetheless, strains in individual ligaments did exceed the failure threshold, with the class II average peak strain being 48.8%. These data suggest that a minority of the population is at risk for complete ALL tears during whiplash.
The current study and others have shown that injury to the anterior column results in cervical instability, particularly during intervertebral extension [25, 27, 38] . Spinal instability has been suggested to cause pain through a variety of mechanisms including compression of neural structures, increased loading of ligaments innervated with mechanoreceptors, and muscle fatigue resulting from an increased reliance on spinal musculature to provide stability [26] . While data on spinal ligament healing is limited, it has been shown that annular lesions heal poorly [13, 17] . If ALL and anterior annulus injuries do not completely heal, clinical instability and chronic pain could develop. It is likely that some patients with chronic neck pain following whiplash trauma suffer from cervical instability as a result of mechanical disruption of the anterior stabilizing system.
Injury to the passive anterior column soft tissues could also result in increased loading and degeneration of the posterior spinal components. Studies of the lumbar spine using animal models have shown that injury to the anterior annulus is followed by fibrosis of the nucleus pulposus and osteoarthritic changes in the facet joints [13, 17, 23] . A biomechanical investigation demonstrated that a decrease in disc height resulted in increased loading of the lumbar facet joint [9] . Clinical support for the hypothesis that disc degeneration leads to facet osteoarthritis is found in radiographic studies that demonstrated lumbar facet joint osteoarthritis rarely occurred without prior disc degeneration [5, 11] . Although the lumbar and cervical spine are exposed to different compressive loads and have different facet joint anatomy, ALL and anterior annulus injuries sustained in whiplash could hypothetically lead to increased loading, pain and osteoarthritis of the cervical facet joints. This process may contribute to the chronic facet joint pain that has been documented in some whiplash patients [21] .
Conclusions
The current study has shown that ALL strains during simulated whiplash were greatest in the lower cervical spine, and, on average, below the ALL failure threshold. Select ALLs did fail during the simulated whiplash trauma, and these ligaments had undergone higher strains than the uninjured ligaments. The intervertebral levels associated with complete ALL injuries were shown to have greater increases in NZ and ROM than uninjured levels, implying that these injuries produced spinal instability. In patients with similar injuries, incomplete healing could lead to clinical instability and long-term pain. As disc degeneration results in increased facet loading, anterior column injury sustained during whiplash could lead to chronic facet pain. It is our hope that the current results can help guide future investigations of the long-term symptoms associated with whiplash injury.
